We examined interactions between base excision repair (BER) DNA intermediates and purified human BER enzymes, DNA polymerase b (pol b), apurinic/ apyrimidinic endonuclease (APE1) and poly(ADPribose) polymerase-1 (PARP-1). Studies under steady-state conditions with purified BER enzymes and BER substrates have already demonstrated interplay between these BER enzymes that is sensitive to the respective concentrations of each enzyme. Therefore, in this study, using conditions of enzyme excess over substrate DNA, we further examine the question of interplay between BER enzymes on BER intermediates. The results reveal several important differences compared with data obtained using steady-state assays. Excess PARP-1 antagonizes the action of pol b, producing a complete block of long patch BER strand-displacement DNA synthesis. Surprisingly, an excess of APE1 stimulates stranddisplacement DNA synthesis by pol b, but this effect is blocked by PARP-1. The APE1 exonuclease function appears to be modulated by the other BER proteins. Excess APE1 over pol b may allow APE1 to perform both exonuclease function and stimulation of strand-displacement DNA synthesis by pol b. This enables pol b to mediate long patch subpathway. These results indicate that differences in the stoichiometry of BER enzymes may regulate BER.
INTRODUCTION
Base excision repair (BER) is an important DNA repair pathway protecting mammalian cells against single-base DNA damage caused by methylating and oxidizing agents and spontaneously arising AP sites (1, 2) . Mammalian BER is performed by two general sub-pathways termed short patch (SP) and long patch (LP) BER, respectively. These sub-pathways differ from each other in the length of the repair patch and in the enzymes involved (3) (4) (5) . For both sub-pathways, initiation of BER involves removal of altered bases by DNA glycosylases or spontaneous hydrolysis of the N-glycosylic bond, forming an AP site (6) . Repair of an AP site is initiated by APE1, which cleaves the phosphodiester bond 5 0 to the abasic site sugar, generating a nick with 5 0 sugar phosphate (dRP) and 3 0 hydroxyl group (7) . Following this incision of DNA, the subsequent steps in SP-BER or single-nucleotide (SN), i.e. addition of a nucleotide in the gap and removal of the 5 0 -dRP group, are catalyzed by DNA polymerase b (pol b) (8) (9) (10) . The dRP lyase activity of pol b is sensitive to some chemical modifications of the dRP group. Thus, such modifications will block downstream steps in SN-BER; for instance, many oxidized or reduced dRP sugars are resistant to dRP lyase removal; repair of such blocked intermediates may proceed by the LP-BER subpathway. DNA synthesis in LP-BER is performed by pol b, pol d/e, or other DNA polymerases, and the pathway requires several DNA replication factors, including flap endonuclease (FEN1) and PCNA (5, 11) ; the final nicked DNA product is sealed by DNA ligase I or the XRCC1/DNA ligase III complex (12, 13) .
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The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oupjournals.org handed-off from one protein to the next in each of the sub-pathways of BER, i.e. the damaged site is transferred from a DNA glycosylase to APE1, from APE1 to pol b, and then from pol b to DNA ligase I or III in SN-BER. The BER enzymes may have an active role in the proposed hand-off mechanism. For example, APE1 has been found to facilitate loading of pol b onto the incised AP site and to stimulate removal of the dRP group by pol b (15). APE1 also has been shown to interact with FEN1 and DNA ligase I and to stimulate their activities in LP-BER (16) . Therefore, APE1 appears to be actively involved in coordinating steps in BER, and there are similar examples for several other BER partners. APE1 also has 3 0 -exonuclease activity (17) , and this activity is known to remove some 3 0 mismatches 10-20 times more efficiently than 3 0 matched nucleotides (18) . Thus, APE1 may have a proofreading role in BER, removing mismatched nucleotides arising from BER polymerases such as pol b (19) .
The functions of APE1 in BER may be modulated by other proteins involved in the BER process, among them PARP-1 (20) . PARP-1 binds to DNA strand breaks generated directly by irradiation or indirectly in the course of repair (21) . When bound to DNA, PARP-1 catalyzes poly(ADP-ribose) synthesis resulting in covalent modification of itself and many other nuclear proteins (22) . In addition, PARP-1 and poly(ADPribosyl)ation are known to contribute to other cellular processes, including programmed cell death (23) . PARP-1 appears to have a direct role in BER. A PARP-1 null mouse fibroblast line was found to be hypersensitive to DNA alkylating agents (24) and others observed that PARP-1 inhibitors render cells more sensitive to such agents. In addition, the observation of physical interactions between PARP-1 and BER proteins, such as pol b and XRCC1, points to a role of PARP-1 in the BER process (25, 26) . PARP-1 was shown to interact with photoreactive BER intermediates, which were formed in crude cell extracts of mouse fibroblasts in the presence of a photoreactive dCTP analog (27) . PARP-1 was also shown to be a co-factor in LP-BER 'stranddisplacement' DNA synthesis mediated by pol b in combination with FEN1 (28). Subsequently, it was found that PARP-1 and APE1 can interact with the same LP-BER intermediate (29) and that competition between these two BER enzymes may modulate the functions of each other. The expression level and coordination of activities of these two enzymes in BER are, therefore, of great interest. In view of the strong recruitment of the BER machinery at nuclear foci with DNA damage (30) , the biologically relevant concentrations of BER enzymes and co-factors appears to be higher than the general nucleoplasmic level and also higher than that typically used in enzymatic assays under steady-state conditions where substrate DNA is in excess over enzyme.
The present study was undertaken to further examine the interplay between three BER enzymes, namely, PARP-1, pol b and APE1, on model BER intermediates in vitro. Previous results on the question of interplay between BER enzymes have generally been obtained under the steady-state condition of DNA substrate excess over enzyme. These conditions, although very useful, leave open the question of the effect of enzyme excess, which may be more reflective of in vivo conditions in the case of abundant nuclear enzymes such as PARP-1 and APE1. It is known that BER enzymes are recruited to sites of DNA damage and may be in excess over or stoichiometric with the DNA substrate. Here, we used substrates that mimic BER intermediates and analyzed the influence of excess APE1 on strand-displacement DNA synthesis by pol b. Strand-displacement synthesis was also examined as a function of excess PARP-1. In addition, we examined the exonuclease activity of APE1 in the presence of excess PARP-1 and pol b. The results are discussed in the context of regulation of BER.
MATERIALS AND METHODS

Materials
Synthetic oligonucleotides were obtained from Oligos Etc. Inc. (Wilsonville, OR). [g-32 P]ATP (5000 Ci/mmol) and T4 polynucleotide kinase were from Biosan (Novosibirsk).
Proteins
The plasmid bearing a human PARP-1 cDNA was kindly provided by Dr M Satoh (Laval University, Canada). The recombinant proteins pol b, APE1 and PARP-1 were overexpressed and purified as described previously (31) (32) (33) .
Oligonucleotides
The designations and sequences of oligonucleotides were as follows: Preparations of DNA substrates for strand-displacement DNA synthesis and exonuclease assays
Oligodeoxyribonucleotides were 5 0 -32 P-phosphorylated with T4 polynucleotide kinase as described and purified by 20% polyacrylamide 7.0 M urea gel electrophoresis (34) followed by electro-elution and ethanol precipitation. Precipitated oligodeoxyribonucleotides were dissolved in 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA. The purified 32 P-upstream primers (16 nt) containing a C (U 1 ) or a T (U 2 ) residue at the 3 0 end and the 18mer downstream oligonucleotide bearing phosphate (D 1 ) or THF (D 2 ) at the 5 0 end, and 34 nt template (T) were mixed in equimolar ratios, heated at 90 C for 5 min, and then slowly cooled down to room temperature, to form the nicked double-stranded DNA substrates. The resulting duplex DNA substrates DNA F or DNA P are summarized in Table 1 . Table 1 . DNA substrates for strand-displacement, DNA synthesis and exonuclease assays
DNA synthesis by pol b
Standard reaction mixtures (10 ml) for DNA synthesis by pol b containing 50 mM Tris-HCl (pH 8.0), 50 mM NaCl, 10 mM MgCl 2 , 7 mM b-mercaptoethanol, 50 nM 5 0 -[ 32 P] (DNA F or DNA P ) and 50 nM pol b were assembled on ice. The reaction was initiated by adding the mixture of four dNTPs to a final concentration of 10 mM each. APE1 (0.1-2.5 mM), PARP-1 (0.1-0.6 mM), and NAD + (0.5 mM) were added as indicated in the figure legends. The reaction mixtures were incubated at 37 C for 30 min. Aliquots (2 ml) were taken and mixed with 5-fold volume of 90% formamide, 10 mM EDTA, 0.1% bromophenol blue and 0.1% xylene cyanol. The mixtures were heated at 90 C for 3 min and the products were separated by denaturing electrophoresis in 20% polyacrylamide gel (34) . The gels were dried and subjected to autoradiography and/or phosphoimaging for quantification using Molecular Imager (Bio-Rad) and software (Quantity One).
APE1 exonuclease assay
The exonuclease activity assay of APE1 was performed under reaction conditions similar to those described above. The final concentrations of APE1 in the reaction mixture were 0.1-2.5 mM. To determine the influence of PARP-1 and pol b on the exonuclease activity of APE1, the standard reaction mixtures were supplemented with PARP-1 (0.1-0.6 mM), pol b (0.1-1.0 mM) and NAD + (0.5 mM) as indicated in the figure legends. The influence of APE1 on the stranddisplacement DNA synthesis by pol b on matched and mismatched DNAs was evaluated in the presence of all four dNTPs (10 mM each) or a mixture of all four dNTP containing dATP, dGTP, dTTP (10 mM each), dCTP (1 mM) and ddCTP (9 mM). The reactions were initiated by the addition of DNAsubstrates, and the incubation was at 37 C for 30 min.
RESULTS
PARP-1 and APE1 modulate strand-displacement DNA synthesis of pol b
Involvement of PARP-1 and APE1 as coordinating factors in LP-BER had been suggested (28, 35, 36) ; however, the influence of these proteins on their respective activities and those of other BER participants is not well understood. Such an influence may depend not only on the concentration of the each enzyme, but also on the ratios of the enzymes at the site of the BER reaction in the nucleus. The effective concentration of each BER enzyme at a repair site is unknown, but it is clear that the cellular content of the BER enzymes varies over a wide range. For example, the amount of PARP-1 is estimated as $2 · 10 6 molecules per cell, the amount of APE1 as $7 · 10 6 molecules per cell, whereas pol b is at a level of $0.05 · 10 6 molecules per cell (23, 37, 38) . Another important factor is that BER enzymes are recruited to sites of BER in the nucleus (30) , and it is likely that the local concentration of each enzyme at the repair site is at least equal to the concentration of the DNA intermediate under repair. We tested the activity of a particular enzyme, e.g. pol b, on a nicked DNA substrate in the presence of different, 'enzyme-excess' concentrations of the other two BER enzyme(s). Preliminary analysis revealed that such variation in concentration caused a change in the enzyme activities, compared with those under steady-state conditions. For the following experiments, we used enzyme concentrations at which this difference was most pronounced.
To examine the influence of PARP-1 and APE1 on strand-displacement DNA synthesis of pol b, we used two types of nicked DNA substrates where the 5 0 side of the nick was either phosphate or the THF group, and these DNA substrates were referred to as DNA P or DNA F , respectively. DNA F may be considered as a LP-BER intermediate where one nucleotide has been introduced but the sugar phosphate residue is still intact, while DNA P is the penultimate product of the SN-BER pathway, i.e. the intermediate prior to the ligation step. At the concentration used, pol b displayed modest strand-displacement DNA synthesis on both of these DNA substrates (Figure 1, lanes 2 and 13) . APE1 stimulated strand-displacement DNA synthesis by pol b on both DNA substrates in a concentration-dependent manner (Figure 1 , lanes 3-5, 14-16), and displayed a stronger stimulatory effect with DNA F than DNA P (Figure 1 , compare lane 5 with lane 16). To our surprise, however, PARP-1 showed an inhibitory effect on strand-displacement DNA synthesis of pol b with both DNA substrates. The inhibition of strand-displacement synthesis of pol b by PARP-1 was also concentration dependent ( Figure 1, lanes 6-8, 17-19 ), and this inhibition was not reversed by addition of a higher concentration of APE1 (2.5 mM) (Figure 1, lanes 9-11, 20-22 ). Poly(ADPribosyl)ation of PARP-1 is thought to bring about its dissociation from DNA (39) . Indeed, the inhibitory effect of PARP-1 on pol b strand-displacement was almost completely reversed for DNA P when the reaction mixtures were supplemented with the PARP-1 substrate NAD + . This effect was less in the case of DNA F . However, addition of NAD + did not bring back the APE1-mediated stimulation, as synthesis was only at the basal level of strand-displacement seen with pol b alone (data not shown). These results indicate that APE1 and PARP-1 and its poly(ADP-ribosyl)ated form can regulate the stranddisplacement DNA synthesis of pol b.
Influence of PARP-1 and pol b on the exonuclease activity of APE1
We examined APE1's 3 0 -exonuclease activity in the presence of PARP-1 and pol b. The assay for exonuclease activity was performed using the same nicked DNA substrates (DNA P or DNA F ) as described above, except that the 3 0 side at the nick contained a mismatched base (Figure 2A ). 3 0 -Exonuclease activity was measured by conversion of the 16 nt substrate molecules to shorter product molecules (15 and 14 nt) ( Figure 2B ). The results revealed that the exonuclease activity was higher on DNA P than on DNA F (Figure 2B ), in agreement with earlier findings (29, 32) . It should be emphasized that the APE1 exonuclease activity was detectable at an enzyme concentration of 0.1 mM, whereas the APE1 endonuclease activity was strong even at a concentration of 5 nM under the same reaction conditions (data not shown). PARP-1 strongly inhibited the 3 0 -exonuclease activity of APE1 with both substrates ( Figure 3A and B, lanes 3-5 and 13-15, respectively). To examine the influence of poly(ADP-ribosyl)ation of PARP-1, the reaction mixtures were supplemented with NAD + . There was a reversal of the PARP-1 inhibition ( Figure 3A and B, lanes 6 and 16), consistent with the idea that poly(ADP-ribosyl)ated PARP-1 no longer interacted with the DNA substrate. Yet, the inhibition by PARP-1 was not completely reversed by poly(ADP-ribosyl)ation ( Figure 3A and B, compare lanes 2 and 6; 12 and 16). The influence of pol b on the 3 0 -exonuclease activity of APE1 was also examined (Figure 3) . Suppression of the exonuclease activity by pol b was observed on both DNA substrates ( Figure 3A and B, lanes 7-10 and 17-20 ). Yet, the inhibition was greater for DNA P than for DNA F containing the 3 0 -mismatched (TÁG) base pair, the activity was almost completely inhibited at 1.0 mM pol b ( Figure 3A, lane 20) . It should be emphasized that pol b only weakly inhibited the exonuclease activity of APE1 in the case of the matched base pairs on both DNA F and DNA P ( Figure 3B, lanes 7-10,  17-20) . Thus, it appears that both PARP-1 and pol b could modulate the 3 0 -exonuclease activity of APE1. Pol b significantly inhibited APE1 exonuclease activity when the concentrations of APE1 and pol b were comparable (Figure 3) . However, when APE1 was in large excess over pol b the exonuclease activity of APE1 was efficient. Therefore, we analyzed whether APE1 can function as a 3 0 -exonuclease during the strand-displacement DNA synthesis reaction catalyzed by pol b. To this end, we compared the stranddisplacement synthesis both on matched and mismatched DNA duplexes in the presence of natural dNTPs and when 90% of the dCTP was replaced by ddCTP. Pol b is known to efficiently incorporate ddNTPs (40) . Pol b did not elongate the primer with mismatched 3 0 end nucleotide either on DNA P or DNA F (Figure 4, lanes 18 and 25) , and this was expected from earlier studies (41) . But, APE1 stimulated the stranddisplacement synthesis in the case of both the 3 0 end matched and mismatched primers ( Figure 4 , compare lanes 4, 11, 18 and 25 with lanes 5, 12, 19 and 26). The question arose as to whether this effective strand-displacement synthesis in the presence of APE1 resulted from mere stimulation of pol b activity or there was a contribution of the APE1 exonuclease activity, which could have removed the 3 0 end mispaired nucleotide. In the reaction mixtures containing ddCTP, a stimulation of activity should result in the accumulation of the products terminated by ddCMP. According to the sequence of the DNA template, these would be 20mer oligonucleotides. Such products were observed for 3 0 end matched primers (Figure 4, lanes 7 and 14) , as expected. But, if the mismatch were removed by the APE1 exonuclease, the expected product of the subsequent primer elongation with ddCMP would be 16 nt long, resulting from insertion of ddCMP opposite the template G. These products, indeed, were observed (Figure 4,  lanes 21 and 28) . Therefore, the 3 0 -exonuclease activity of APE1, along with its effect of stimulating pol b activity, might be important in initiating strand-displacement DNA synthesis activity in LP-BER in the case of a mismatch at the primer terminus. of DNA polymerase b, the main BER polymerase. A second question involves mechanisms of BER sub-pathway choice, and finally there are questions about mechanisms of coordination for the various sequential steps in BER that are mediated by different enzymes. Recently, it was proposed that APE1 functions as a 'proofreader' for DNA polymerase b in BER (18, 19) . Among other points, chemical modification at the 3 0 and 5 0 margins of a BER intermediate were shown to influence the exonuclease activity of APE1 (29, 32, (42) (43) (44) . Another aspect of interest regarding APE1 concerns its regulatory role in BER, since APE1 is considered to be a coordinator of several stages in BER (15, 16, 36) . However, experiments pointing to this role were performed in the absence of PARP-1. An active role of PARP-1 in BER has been demonstrated in numerous studies both in vivo and in vitro, but the mechanisms of PARP-1 action remain under investigation (21, 35, (45) (46) (47) (48) (49) . Our earlier studies had demonstrated an interaction of PARP-1 with a LP-BER intermediate in a cellular extract (27) , and we also found a stimulation of pol b strand-displacement DNA synthesis by the mutual action of PARP-1 and FEN-1 (28) . In another study, we demonstrated interactions of PARP-1 and APE1 with the same BER intermediate (29) , suggesting that these enzymes could antagonize one another during steps in BER.
We focused here on the interplay of three BER enzymes, pol b, APE1 and PARP-1 in LP-BER DNA synthesis and on the exonuclease function of APE1. Enzyme concentrations were chosen to approach higher enzyme/DNA ratios that may be found under physiological condition in the cell. To our surprise, under the reaction conditions used here, we observed that APE1 stimulated strand-displacement DNA synthesis catalyzed by pol b. Although the stimulation of pol b DNA synthesis is novel, this was not the first observation of an APE1 stimulation of a BER enzymatic activity. Cistulli et al. (29) showed that APE1 bound preferably to a photoreactive BER intermediate containing THF at the 5 0 margin of a nick, and a stimulatory effect of APE1 was demonstrated in a reconstituted BER system with a regular abasic site (16) . However, a direct influence of APE1 on DNA synthesis by pol b was not addressed, and the stimulation of BER might have been mediated through stimulation of another enzyme. Indeed, it was found that APE1 was capable of stimulating the activities of DNA ligase I and FEN1 (16) . Furthermore, APE1 was shown to stimulate the dRP activity of pol b (15), and this could influence the formation of repair products, since removal of the dRP group is considered to be a rate-limiting step in short patch BER and is required for ligation of the BER intermediate after gap-filling by a polymerase (50) .
We found here that PARP-1 strongly inhibited pol b DNA synthesis using both BER DNA intermediates, with a stronger effect observed on DNA F . Recent studies of BER in PARP-1-deficient cellular extracts showed that addition of purified of PARP-1 into these extracts inhibited, rather than stimulated, DNA repair (47, 48) . On the other hand, the stimulation of the strand-displacement DNA synthesis by pol b under the mutual action of PARP-1 and FEN-1 was shown in a reconstituted BER system (28) . The auto-modification of PARP-1 in the presence of NAD + decreases its inhibitory action; in agreement with the proposed effect of poly(ADP-ribosyl)ation on the enzyme's binding to DNA (22) . It should be pointed out that auto-modification of PARP-1 in our experiments did not lead to a complete recovery of DNA synthesis. Such an effect suggests a lower affinity of auto-modified PARP-1 for DNA, rather than a total inability of poly(ADP-ribosyl)ated PARP-1 to bind DNA. APE1, when added to the DNA synthesis reaction mixtures containing PARP-1, did not display its stimulatory effect even in the presence of NAD + . Therefore, the efficiency of strand-displacement DNA synthesis could be modulated in the cell by interplay between pol b, APE1 and PARP-1, including its poly(ADP-ribosyl)ated form.
APE1 is a multifunctional enzyme that contributes several activities in BER (7). The relatively low fidelity of pol b, combined with a frequency of AP site formation in the cell of $20 000 per cell per day, can potentially result in several mutations per day per genome (1); this would represent an unacceptable mutational load. Therefore, a search for proofreading mechanisms involved in BER is an important issue. Recently, the exonuclease activity of human APE1 was analyzed on 3 0 mismatched DNA structures compared to matched ones. It was shown that the efficiency of the 3 0 exonuclease activity is in inverse proportion to the gap size (18) , and the activity was influenced by the presence of either a sugar-phosphate or phosphate group at the 5 0 side of the gapped or nicked DNA substrate (29, 32, 42) . The 3 0 -exonuclease activity of APE1, according to the results of site-directed mutagenesis, is part of the endonuclease function, but pH optima and the optimal concentration of Mg 2+ are different for the catalytic efficiencies of these two enzymatic functions of APE1 (43) . We found that the exonuclease activity of APE1 weakly discriminates between matched and mismatched base pairs at the 3 0 end of the upstream primer in DNA F , i.e. in the case of LP BER intermediates. The influence of PARP-1 and pol b on the 3 0 -exonuclease activity of APE1 also was studied. PARP-1 was shown to inhibit the exonuclease activity of APE1. Even in the presence of NAD + , only 50 percent recovery of this activity was observed on nicked DNA with a 5 0 -THF-phosphate group. PARP-1 appeared to compete with APE1 for binding to matched and mismatched nicked DNA substrates, and the inhibitory effect of PARP-1 was stronger in the case of the LP-BER intermediate (i.e. with a THF-phosphate at the 5 0 margin of the nick). Interestingly, at a low enzyme concentration, the opposite effect of PARP-1 on the exonuclease activity of APE1 was observed: PARP-1 was shown to activate the APE1 exonuclease activity on DNA F (29) . This effect was explained by PARP-1 competition with APE1 for binding to the APE1 product; as a result, more APE1 is released to participate in another round of the 3 0 -exonuclease activity (29) . The inhibition of the APE1 exonuclease activity by PARP-1 observed under the conditions used here was more pronounced on DNA F than on DNA P . This may have reflected the efficiency of PARP-1's interaction with this DNA, as revealed by photoaffinity labeling in mouse fibroblast cell extracts (27) . The probes used in our earlier study were similar to DNA F and DNA P ; however, dCMP at the 3 0 side of the nick was replaced by its photoreactive analog (27) . It is worth noting that pol b only weakly affected the exonuclease action of APE1 on 3 0 -matched base pairs on both DNA P and DNA F , but it decreased removal of 3 0 -mismatched nucleotides, displaying a stronger effect in the case of DNA P . This effect was observed only at a higher concentration of pol b. An excess of APE1 may allow it to perform both an exonuclease function and stimulation of DNA synthesis by pol b, in the case of 3 0 -mismatched base pairs. Therefore, pol b can mediate long patch sub-pathway under these conditions. In summary, the APE1 exonuclease function in BER appears to be modulated by the other BER participants, including the DNA intermediates and some of the proteins. Taking into account the considerable abundance of APE1 in many mammalian cells, it is important to consider the exonuclease and accessory protein roles of APE1 in the BER process, i.e. at stages other than incision of the AP site. Similarly, our results illustrate the importance of expression balance and repair site recruitment in modulation of the reactions in BER. The ratio of BER proteins at the site of repair can have a large influence on short patch versus long patch sub-pathway choice and on accuracy of the gap-filling step in BER.
